In addition to classical expression patterns in pituitary and placenta and functions in growth and reproduction, members of the small family of hormones that includes prolactin (PRL), growth hormone (GH), and placental lactogen are expressed by endothelia and have angiogenic effects. In contrast, 16-to 17-kDa proteolytic fragments of these hormones have antiangiogenic effects. Here we show that PRL and GH are bound and processed by members of the bone morphogenetic protein 1 (BMP1) subgroup of extracellular metalloproteinases, previously shown to play key roles in forming extracellular matrix and in activating certain TGF␤ superfamily members. BMP1 has previously been suggested to play roles in angiogenesis, as high throughput screens have found its mRNA to be one of those induced to highest levels in tumor-associated endothelia compared with resting endothelia. PRL and GH cleavage is shown to occur in each hormone at a single site typical of sites previously characterized in known substrates of BMP1-like proteinases, and the Ϸ17-kDa PRL N-terminal fragment so produced is demonstrated to have potent antiangiogenic activity. Mouse embryo fibroblasts are shown to produce both PRL and GH and to process them to Ϸ17-kDa forms, whereas GH and PRL processing activity is lost in mouse embryo fibroblasts doubly null for two genes encoding BMP1-like proteinases.
P
rolactin, growth hormone (GH), and placental lactogen (PL) are prototypic members of a small family of Ϸ22-to 23-kDa hormones related in sequence and domain structure (1) . This relatedness arises from gene duplication, because PRL and GH genes diverged from a single ancestor gene Ϸ4 ϫ 10 8 years ago, whereas primate and nonprimate PL genes subsequently diverged from GH or PRL genes, respectively (2) . In humans, GH and PL have 85% sequence identity, whereas PRL has Ϸ25% similarity to the other two hormones. Although initially associated with inducing lactation, Ͼ300 functions are now ascribed to PRL, including roles in reproduction, growth, metabolism, immunity, osmoregulation, and behavior (3) (4) (5) . Similarly, GH, initially associated with stimulating growth, is now also associated with modulating metabolism, reproductive and immune functions, and other activities (6) (7) (8) . PL acts on mammary development, corpus luteum maintenance, and progesterone production (9) . Receptors for these hormones, related to the class 1 superfamily of cytokine receptors, activate the Jak/Stat pathway upon ligand binding (10) .
PRL and GH are secreted by the anterior pituitary, and PL is secreted by the placenta, although these hormones are also secreted by other tissues. In particular, all three are secreted by endothelia, upon which they and their cleavage products have paracrine/autocrine effects (11) . Specifically, each full-length hormone has been shown by various assays to have angiogenic effects, whereas N-terminal Ϸ16-kDa cleavage products play opposite roles as antiangiogenic factors (11, 12) . Some studies have suggested cleavage of PRL to a 16-kDa fragment to be mediated by cathepsin D (13) (14) (15) or matrix metalloproteinases (MMPs) (16) .
Bone morphogenetic protein 1 (BMP1) is the prototype of a subgroup of structurally similar metalloproteinases that perform various morphogenetic roles in a wide range of species (17, 18) . There are four mammalian BMP1-like proteinases: BMP1, mTLD (mammalian Tolloid), and mTLL (mammalian Tolloidlike) 1 and 2 (18) . BMP1 and mTLD are encoded by alternatively spliced mRNAs of the same gene, whereas mTLL1 and mTLL2 are genetically distinct. BMP1-like proteinases are key to forming extracellular matrix (ECM) via biosynthetic processing of precursors into functional ECM components. Substrates include procollagens I-III, V, VII, and XI; prolysyl oxidase (zymogen of an enzyme necessary to forming covalent cross-links in collagen and elastic fibers); prolaminin 5; precursors of the proteoglycans biglycan and osteoglycin; and the precursor of dentin matrix protein 1 (associated with initiating ECM mineralization in bones and teeth) (18) . In addition to roles in forming ECM, BMP1-like proteinases activate latent complexes of certain TGF␤ superfamily members, including BMP2, BMP4, GDF8, GDF11, and TGF␤1 (18, 19) . BMP1-like proteinases also cleave, in vitro and in vivo, the C-terminal portion of the basement membrane proteoglycan perlecan to produce a highly potent 26-kDa antiangiogenic factor (20) .
Here we demonstrate that BMP1-like proteinases process PRL and GH, in vitro and in vivo, to produce Ϸ17-kDa Nterminal fragments with antiangiogenic activity. Such cleavage is shown to occur in each hormone at a single site typical of cleavage sites previously characterized in known substrates of BMP1-like proteinases. Processing of substrates by BMP1-like proteinases to produce antiangiogenic factors is of particular interest in the context of findings that BMP1 mRNA is among those transcripts induced to highest levels in tumor-associated endothelia compared with resting endothelia (21) . Implications of the data are discussed.
showed the BMP1-related Drosophila proteinase Tolloid containing mutations that inactivate the protease domain, but in which substrate binding domains are intact, to trap substrates in a nonproteolytic complex (22, 23) .
One function of BMP1 is cleavage of the C-propeptides of procollagens I-III (24) . Toward characterizing the mutant BMP1 bait protein, it was incubated with type I procollagen in the absence or presence of wild-type BMP1. The E214A mutant BMP1 not only failed to cleave procollagen, it also partially blocked procollagen cleavage by wild-type BMP1, when equimolar amounts of the two proteases were added simultaneously to the procollagen sample (Fig. 1A) . When E214A BMP1 was preincubated with procollagen, it completely blocked cleavage when wild-type BMP1 was subsequently added [supporting information (SI) Fig. 6 ]. Because BMP1 does not form oligomers, such results suggest that E214A BMP1 blocks wild-type BMP1 by binding substrate, thus accounting for the apparent dominant negative effect. E214A mutant BMP1 was thus deemed appropriate bait for a phage display screen for novel BMP1 substrates.
Screening of 10 9 individual clones of a human placenta phage cDNA expression library resulted in isolation of Ϸ250 clones that bound E214A BMP1. Sequence analysis of these clones identified coding sequences only for human PL and for one additional protein not germane to the present study. Although there is extensive literature regarding proteolytic cleavage of the related hormones PRL and GH to produce biologically active Ϸ16-kDa N-terminal fragments (11), evidence is lacking for in vivo processing of PL to yield an Ϸ16-kDa form. To characterize the ability of BMP1 to bind members of this hormone family, a Flag-tagged version of E214A BMP1 was separately incubated with PL, PRL, and GH followed by immunoprecipitation with anti-PL, anti-PRL, or anti-GH antibodies, respectively, and Western blotting to determine whether the mutant BMP1 was coprecipitated by binding any of the hormones. Surprisingly, PL did not pull down BMP1 under conditions of the assay (data not shown), but PRL and GH both readily bound BMP1 ( Fig. 1 B  and C) . Despite such binding, it is not surprising that PRL and GH clones were not picked up via phage display, because PRL is not expressed in human placenta and placental GH mRNA is Ϸ4,000-fold less abundant than that of PL (25, 26) .
PRL Family Members
Are Cleaved by BMP1-Like Proteinases. We next sought to determine the ability of BMP1 to cleave PRL, GH, and/or PL. Incubation of the same amount of wild-type BMP1 with equal amounts of the three hormones resulted in cleavage of all three to produce fragments of Ϸ17 kDa ( Fig. 2A) , similar in size to PRL and GH cleavage fragments thought to be of physiological importance (11) . Products of no other sizes were observed, nor was there evidence of nonspecific proteolytic degradation. The effect of cleavage by BMP1 on function was examined for PRL in a reporter gene assay in 293 cells cotransfected with an expression vector for the long form of the PRL receptor and a reporter gene containing three copies of the consensus Stat5 binding sequence upstream of a luciferase reporter (27, 28) . BMP1 cleavage of 23-kDa PRL to the 17-kDa form appeared to destroy ability to signal via the Jak/Stat pathway (Fig. 2B) .
To determine the sites at which BMP1 cleaved the three hormones, scaled-up cleavage reactions were performed by Levels of luciferase activity were normalized to levels of ␤-galactosidase activity from a cotransfected ␤-galactosidase expression construct to control for transfection efficiency. Levels of luciferase activity are in arbitrary units normalized to a value of 1 for buffer alone. Data are given as means Ϯ SD (n ϭ 3). A Student t test, performed with SigmaPlot, showed a significant difference between levels of luciferase activity for the PRL and PRL plus BMP1 samples (P Ͻ 0.003). (C) PRL and GH were incubated for 6 h alone (No Enzyme) or in the presence of BMP1, mTLD, mTLL1, or mTLL2 and then subjected to SDS/PAGE and Western blot analysis with antibodies to the relevant hormone. using 3 g each of PRL, GH, and PL. Cleavage reactions were then run on SDS/PAGE gels under nonreducing conditions, such that N-and C-terminal cleavage fragments of each protein remained disulfide bonded. In this way, the small C-terminal fragments were not lost out of the bottom of gels, but instead comigrated with N-terminal fragments as 23-kDa (PRL), 20-kDa (GH), and 21-kDa (PL) complexes (data not shown) whereas intact PRL, GH, and PL migrated as 18-kDa, 15-kDa, and 17-kDa bands under the same conditions. Coomassie blue staining (data not shown) revealed Ϸ70% and 50% of PRL and GH, respectively, but only 5-10% of PL, to migrate as the slower migrating complexes, consistent with the results of Western blots (Fig. 2) showing PL to be less efficiently cleaved by BMP1 than are the other two hormones. Complexes were isolated and subjected to Edman degradation for determination of Nterminal amino acid sequences. Sequences corresponded to the N termini of mature PRL, GH, and PL. In the case of PRL and GH these, at least in part, represented the N termini of 17-kDa N-terminal fragments, because Edman degradation of the same bands also produced sequences DEESRLSAYYN (PRL) and DDALLKNYGL (GH), representing the N termini of the C-terminal cleavage products. No additional sequences were obtained for PL, consistent with the conclusion that insufficient cleavage had occurred for detection of cleavage product Nterminal sequences.
N-terminal sequences for PRL and GH C-terminal fragments place the BMP1 cleavage sites between Ala-159 and Asp-160 (PRL) and between Asn-152 and Asp-153 (GH). Alignment (SI Fig. 7 ) shows PRL and GH BMP1 cleavage sites to have similarities with cleavage sites in other reported BMP substrates. In particular, the PRL and GH sites have an Asp in the P1Ј position of the scissile bone, an almost invariant feature of cleavage sites of reported substrates of BMP1-like proteinases (18) . They also have a Met residue (PRL) or residues with aromatic side chains (GH) upstream of the scissile bone, also common features of cleavage sites in substrates of BMP1-like proteinases (18) . The predicted human PL cleavage site, based on full-length sequence alignments of human PL with human GH and human PRL, is also shown (SI Fig. 7) .
We next sought to characterize potential cleavage of PRL, GH, and/or PL by the other mammalian BMP1-like proteinases, mTLD, mTLL1, and mTLL2. All three cleaved both PRL and GH to produce fragments that comigrated on SDS/PAGE with the 17-kDa fragments produced by BMP1 cleavage (Fig. 2C) . BMP1 had the most robust activity in cleaving PRL, whereas mTLL1 was the most efficient at cleaving GH. Cleavage of PL by the other proteinases was even less pronounced than cleavage by BMP1 (data not shown).
Cells Employ BMP1-Like Proteinases to Cleave PRL and GH. Mice homozygous null for the Bmp1 gene, which encodes alternatively spliced RNAs for BMP1 and mTLD (29) , are perinatal lethal (30), whereas mice homozygous null for Tll1, which encodes mTLL1, are embryonic lethal (31) . However, Bmp1ϩ/Ϫ to Tll1ϩ/Ϫ intercrosses produce Bmp1ϩ/Ϫ;Tll1ϩ/Ϫ heterozygotes that can be crossed to produce Bmp1;Tll1 doubly homozyogous null embryos (32, 33) . Although such embryos are also embryonic lethal (32, 33) , derived Bmp1;Tll1 doubly null mouse embryo fibroblasts (MEFs), lacking BMP1, mTLD, and mTLL1, have markedly decreased processing of substrates normally cleaved by BMP1-like proteinases in vivo (32) (33) (34) (35) (36) , because removal of the three functionally overlapping proteinases leaves little residual activity. MEFs are fairly heterogeneous populations of cells (37) , and we sought to determine whether such populations might produce detectable levels of PRL and/or GH and, if so, whether levels of PRL and GH proteolytic processing differed in Bmp1;Tll1 doubly null and wild-type cultures.
Detectable endogenous GH and PRL are produced by MEFs, and processed 17-kDa cleavage products are clearly detectable in wild-type culture medium (Fig. 3) . However, markedly lower levels of 17-kDa GH cleavage products are found, and 17-kDa PRL cleavage products are undetectable, in Bmp1;Tll1 null MEF media. Thus, results are consistent with the interpretation that BMP1-like proteinases are involved in processing of PRL and GH to 17-kDa cleavage products by cells. Also consistent with this possibility is the conservation of potential BMP1-proteinase cleavage sites in murine (and rat) PRL and GH (SI Fig. 7 ). To further test the possibility that BMP1-like proteinases are involved in cellular processing of PRL and GH, PRL processing levels were compared in conditioned media of wild-type MEFs cultured in the presence or absence of the previously described hydroxamic acid-based inhibitor BI-1, which is highly specific for BMP1/TLD-like proteinases (38, 39) . Treatment with the BMP1-like proteinase inhibitor led to markedly decreased processing of PRL to the 17-kDa form (Fig. 3A) , again supporting the probability that BMP1-like proteinases are responsible for processing of PRL to a 17-kDa cleavage product by MEFs. Although the most straightforward interpretation of the cell culture and in vitro data presented above is that BMP1-like proteinases directly process PRL to its 17-kDa form, the possibility existed that BMP1-like proteinases were indirectly responsible for this cleavage in MEF cultures, via activation of other proteinases. To explore the possibility that BMP1-proteinases might be involved in somehow increasing MEF activity levels of cathepsin D or MMPs, both of which have been implicated in PRL processing in previous reports (13-16), MEFs were cultured in the presence of cathepsin D inhibitor pepstatin A or MMP inhibitor TAPI-2. In contrast to the BMP1 inhibitor BI-1, neither pepstatin A nor TAPI-2 had any discernable effect on PRL processing in MEF cultures (Fig. 3A) . Thus, neither cathepsin D nor MMPs are likely to play roles in MEF processing of PRL. However, we cannot formally exclude the possibility that BMP1-like proteinases might activate unidentified proteinases involved in PRL cleavage in MEF cultures.
Truncated Protein Corresponding to the 17-kDa PRL Fragment Pro-
duced by BMP1 Cleavage Is Antiangiogenic. We next sought to determine whether 17-kDa fragments generated via PRL cleav- Fig. 3 . MEFs employ BMP1-like proteinases in processing PRL and GH to Ϸ17-kDa forms. Western blotting using antibodies to PRL (A) and GH (B) was used to monitor processing in cultures of wild-type MEFs or MEFs doubly null for Bmp1 and Tll1. Addition of a highly specific inhibitor of BMP1-like proteinases (BI-1) inhibits PRL processing in wild-type MEFs, but addition of cathepsin D inhibitor pepstatin A or MMP inhibitor TAPI-2 had no effect (A). The percentage of PRL cleaved in wild-type MEF media without inhibitor, or in the presence of pepstatin A or TAPI-2, was indistinguishable at 34%, 37%, and 32%, respectively, as determined via scanning densitometry using NIH Image software.
age at the site used by BMP1 have antiangiogenic properties similar to those reported for Ϸ16-kDa PRL fragments isolated from tissues and cell cultures (11, 13, 15, 40) . Toward this end, we produced a 17-kDa truncated form of recombinant PRL terminating at Ala-159, inclusive. As BMP1 cleaves PRL between Ala-159 and Asp-160, the truncated recombinant form (designated PRLdel159) represents the N-terminal BMP1 cleavage product. As can be seen (Fig. 4A) , full-length PRL prepared in the same Escherichia coli expression system as PRLdel159 shows clear-cut activity in a standard assay for PRL-induced signaling, whereas PRLdel159, like BMP1-cleaved PRL (Fig.  2B) , does not. To determine whether PRLdel159 has antiangiogenic properties, it was tested for the ability to inhibit bFGFinduced endothelial cell proliferation. Although bFGF-induced proliferation of human umbilical vein endothelial cells (HUVECs), denoted by increased [ 3 H]thymidine incorporation, was not significantly reduced by full-length PRL, it was markedly inhibited by PRLdel159 (Fig. 4 B and C) . Because it was previously reported that antiangiogenic activity of 16-kDa PRL fragments is associated with reduced MAPK phosphorylation (15, 41), we examined phosphorylation of ERK1/2 in FGFtreated HUVECs in the presence or absence of full-length PRL or PRLdel159. Whereas full-length PRL had no effect on ERK1/2 phosphorylation, exposure to PRLdel159 markedly decreased phosphorylation in a dose-dependent manner (Fig. 4  D and E) .
For an in vivo test of the antiangiogenic activity of 17-kDa PRL fragments truncated at the BMP1 cleavage site, we determined the ability of PRLdel159 to inhibit unstimulated angiogenesis in the chick chorioallantoic membrane (CAM) assay. For the assay, CAMs were treated with 1, 5, or 10 g of full-length PRL (Fig. 5 B-D) or PRLdel159 (Fig. 5 E-G) . For full-length PRL, no inhibition was observed at 1 g, and small zones of apparent clearing confined to the immediate site of the disk were observed at 5 and 10 g. In contrast, PRLdel159 showed strong dose-dependent antiangiogenic activity, with marked vessel clearance extending considerably beyond the site of the disk at 5 and 10 g. These results are similar to those previously reported for full-length PRL and Ϸ16-kDa PRL fragments in CAM assays in which inhibition of neovascularization has been considerable for 16-kDa PRL fragments but in which there has been absence of vessel clearing or small zones of clearance for full-length PRL (12, 42) .
Discussion
Angiogenesis occurs primarily in development, or in response to morphogenetic events accompanying female reproductive cycles, or in response to pathological stimuli. Within the adult, in which endothelia are normally quiescent, angiogenesis can play an important positive role in response to tissue damage, or a profoundly negative role, in providing the nourishment for tumor growth (43) . Angiogenesis is thought to be controlled via a balance of proangiogenic and antiangiogenic factors (43) that can be skewed in response to tumor growth or tissue damage, such that effects of proangiogenic factors predominate.
There have been numerous reports of in vitro and in vivo antiangiogenic effects of Ϸ16-kDa PRL fragments (11, 12, 15, 41, 42, 44) . However, the mechanism whereby such fragments may be generated in vivo has remained unclear. It was previously shown that Ϸ16-kDa N-terminal fragments can be cleaved from PRL by the lysosomal degradative protease cathepsin D (13, 15) . It is not surprising that cathepsin D can cleave PRL to produce Ϸ16-kDa fragments, because potential cleavage sites for this degradative protease are located in an exposed surface loop of PRL (15, 40) , and cleavage within this loop would yield Ϸ16-kDa N-terminal fragments. It is also not surprising that cathepsin D, which has an acidic pH optimum, would be highly active in cleaving various substrates when liberated from lysosomes in the acidified tissue and cell extracts used in previous studies (13, 15) . Interestingly, it was also once proposed that cathepsin D is involved in biosynthetic processing of the C-propeptides of procollagens I-III based on similar experimental approaches proceeding from initial observations of procollagen Cpropeptide cleavage in acidified tissue extracts (45) . Biochemical and genetic approaches have subsequently demonstrated that procollagen I-III C-propeptides are cleaved in vivo by BMP1-like proteinases (24, 32, 46) . Biochemical and genetic approaches are similarly used in the present report to demonstrate that BMP1-like proteinases process PRL at a single specific site in vitro to produce an Ϸ17-kDa fragment and that the same proteinases are used by cells to process PRL to an Ϸ17-kDa form.
After submission of this article, a role was reported for Ϸ16-kDa PRL forms in the etiology of postpartum cardiomyopathy in both humans and cardiomyocyte-specific Stat3-null mice (47) . Hearts of the latter also had elevated levels of cathepsin D, capable of processing PRL to Ϸ16-kDa forms when recombinant PRL was added to acidified cardiac extracts (47) . However, processing of endogenous PRL by endogenous cathepsin D was not demonstrable in that study, nor has it been demonstrated in other reports. We do not exclude here the possibility that cathepsin D, and perhaps other proteases such as MMPs, may be involved to some extent in processing PRL in vivo. Nevertheless, the genetic and biochemical data provided herein constitute definitive evidence identifying endogenous proteinases used by cells for the processing of endogenous PRL to Ϸ16/17-kDa forms. The latter findings may take on added importance in light of the findings of a role for Ϸ16-kDa PRL forms in postpartum cardiomyopathy (47) .
The role demonstrated here for BMP1-like proteinases in processing endogenous proangiogenic PRL to produce antiangiogenic forms suggests that these proteinases may be key modulators of the homeostatic balance between proangiogenic and antiangiogenic factors controlling angiogenesis in the adult. This conclusion is bolstered by a high-throughput screen that previously showed BMP1 mRNA to be among those transcripts most highly elevated in tumor-associated, versus resting, endothelia (21) . It is also bolstered by the finding that BMP1-like proteinases are responsible for in vivo processing of perlecan, a major structural component of endothelial basement membranes, to produce a potent antiangiogenic factor (20) . Manifold roles of BMP1-like proteinases in generating antiangiogenic fragments, activating growth factors such as TGF-␤1 (19) , and forming ECM (18) demonstrate how such proteinases may serve as key orchestrators of normal and pathological morphogenetic events.
Materials and Methods Protein Expression and Purification. See SI Materials and Methods.
Phage Display. A total of 300 ng of E214A BMP1 in 100 l of 50 mM Tris⅐HCl (pH 7.5)/150 mM NaCl/5 mM CaCl 2 /1 mM MgCl 2 /1 mM ZnCl 2 was left overnight in one well of a 96-well tissue culture plate at 4°C. The well was washed three times for 2 min with PBS/0.5% Tween 20 (PBS-T), blocked for 2.5 h with 1% BSA in PBS-T at room temperature, and then washed three times for 2 min with PBS-T. A total of 50 l of phage in PBS/5 mM MgCl 2 /5 mM CaCl 2 was added to the well and incubated for 2 h at room temperature. The well was then washed with PBS-T 10 times for 2 min, and log phase TG1 strain E. coli was added. Enrichment of E214A BMP1-binding phage and other steps were as described in the directions for the Phage Display Library Screening Kit (Spring Bioscience, Fremont, CA).
In Vitro Enzyme Assays. A total of 100 ng of human PRL, GH, or PL was incubated for 6 h alone or with 50 ng of Flag-tagged BMP1, mTLD, mTLL1, or mTLL2 in 20 l of 50 mM Tris⅐HCl (pH 7.5)/150 mM NaCl/5 mM CaCl 2 at 37°C. Reactions were stopped with 5ϫ SDS/PAGE sample buffer/1% 2-mercaptoethanol and boiling. Proteins were separated by SDS/PAGE on 15% acrylamide gels and detected by Western blot. Recombinant human PRL, GH, and PL and corresponding antibodies were purchased from A. F. Parlow (National Hormone and Peptide Program, Torrance, CA).
Collagen processing was in 50 mM Tris⅐HCl (pH 7.5)/150 mM NaCl/5 mM CaCl 2 with 400 ng of 3 H-radiolabeled type I procollagen, prepared as described (48) . A total of 15 ng of BMP1, E214A mutant BMP1, or both were added to the reaction, which was stopped after 16 h at 37°C with SDS/PAGE sample buffer. Samples were subjected to SDS/PAGE on a 5% acrylamide gel, followed by treatment with EN 3 HANCE (PerkinElmer, Boston, MA) and autofluorography.
Amino Acid Sequencing. A total of 3 g of PRL or GH was cleaved as above. Products resolved by SDS/PAGE on a 12% acrylamide gel under nonreducing conditions were electrotransferred to a Sequi-Blot PVDF membrane (Bio-Rad) and revealed with Coomassie brilliant blue R-250, and 23-kDa PRL and 21-kDa GH cleavage fragments were excised for N-terminal amino acid sequencing at the Harvard Microchemistry Facility.
MEFs. Wild-type and Bmp1/Tll1 doubly homozygous null MEFs were isolated from embryos 13.5 days after conception and immortalized as described (49) . Confluent MEFs were washed twice with PBS, incubated for 15 min in serum-free DMEM at 37°C, and then incubated for 24 h in serum-free DMEM with 40 g/ml soybean trypsin inhibitor. Conditioned media were har-
